INTRODUCTION
The Fpg protein of E. coli was initially identified as a DNA glycosylase which excises the imidazole ring-opened form of N7-methylguanine in DNA (1, 2) . The studies of the properties and the biological function of the Fpg protein were facilitated by the cloning of thefpg gene and its expression under the control of strong promoters (3, 4) . The Fpg protein is a metalloprotein which has a molecular weight of 30.2 kDa with a single zinc atom per molecule and possesses a zinc finger motif at the C-terminal end -[Cys-X2-Cys-X16-Cys-X2-Cys-X2-COOH] (3, 4, 5, 6 ). The DNA glycosylase activity of the Fpg protein excises damaged purine residues in DNA, including imidazole ringopened purines and 8-oxopurines (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Besides its DNA glycosylase activity, the Fpg protein has a physically associated activity which incises the DNA at AP sites (11, 12) and another activity which removes 5'-terminal deoxyribose-phosphate residues from DNA (13) .
The isolation of afpg-bacterial mutant has also contributed to the elucidation of the biological role of the Fpg protein (14) . In vivo experiments have shown that the Fpg protein excises lethal oxidative DNA damage induced by the photodynamic action of methylene blue (15) . The fpg (mutM) mutant also displays a spontaneous GC-TA mutator phenotype (16) . Several lines of evidence suggest that the SOS-independent mutagenesis induced by methylene blue plus light and the spontaneous mutator phenotype of the fpg mutant are most probably associated with the formation of 8-OxoG residues in DNA. First, 8 -OxoG is the major photooxidation product in DNA exposed to methylene blue plus visible light (10, 17) . Second, mutations resulting from 8-OxoG in M13 phage DNA are G-T transversions after transfection in E.coli (18, 19, 20) . Thus one of the physiological functions of the Fpg protein is to prevent the mutagenic potential of 8-OxoG residues in DNA (17) (18) (19) (20) (21) (22) .
The results reported in this paper show that the Fpg protein from E.coli readily incises duplexes where a single residue was placed opposite C (*G/C) or T (*G/T). In contrast, the duplexes with G (*G/G) or A (*G/A) opposite 8- Figure 1A . The presence of 8-OxoG at the defined position were verified by sequencing and HPLC analysis (25) . To protect the oligomers from exonucleolytic degradation, the final nucleotide at the 3'-end was inverted (5'-(N)n-3'-P-3'-N-5'), creating two 5'-ends which are both acted on by the T4 polynucleotide kinase (26 the same conditions only 10% of (*G/G) was cleaved (Fig. 1B) . Although no incision of (*G/A) is observed with 1 ng of Fpg protein, significant incision of (*G/A) is observed with 100 ng of Fpg protein (Fig. IB, dashed line) . Thus the rate of incision of (*G/A) is reduced 200-fold compared to that of (*G/C). Although the rates of incision of the four duplexes containing 8-OxoG are different, the products formed are the same (data not shown). The incision most probably results from the excision of 8-OxoG by the DNA glycosylase activity of the Fpg protein (9, 10) which yields an AP site which is cleaved by the associated AP nicking activity of the Fpg protein (29) . The slow rate of incision of (*G/A) is due to a reduced capacity of the DNA glycosylase activity of the Fpg protein to release 8-OxoG residues. This latter assertion is supported by the fact that (*G/A) incubated with low amounts of Fpg protein is resistant to cleavage by either the Nth protein or 0.2 N NaOH that incise DNA at AP sites (data not shown).
Since the Fpg protein may incise DNA at AP sites, (*G/C) was treated with the Nth and the Nfo protein which also have AP site nicking activities (30, 31) . Under the conditions used, these two proteins do not cleave the (*G/C) duplex. Furthermore, duplexes containing a G residue at position 16 (Fig. 1A ) opposite any one of the four DNA bases were not incised by Fpg protein amounts 1000-fold higher than that used to incise the (*G/C) duplex. (32, 33) . Figure 2A shows a single retardation band which suggests the formation of a specific (*G/C)/Fpg protein complex. The intensity of the retardation band increases as a function of the Fpg protein concentration (Fig.2B) . To obtain the retardation band, native Fpg protein is required and the binding reaction must be performed at temperatures below 20°C. In these conditions, the complex is most likely composed of the Fpg protein and intact (*G/C) duplex, since denaturing gel analysis of the binding reaction does not reveal significant cleavage (data not shown). The (*G/C)/Fpg protein complex formed is reversible since it is readilly displaced by cold (*G/C) ( Fig.2A) . The specificity of the complex is assessed by competition experiments. Figure 2A shows that a large excess of undamaged (G/C) duplex or poly(dI.dC) are required to significantly displace the (*G/C)/Fpg protein complex (Figure 2A) . Plasmid DNA appears to be a better competitor as compared to poly(dI.dC) or (G/C) ( Fig.2A) . This latter result might be related to the presence of 8-OxoG residues in the DNA and correlates with the presence of Fpg sensitive sites in purified plasmid DNA (15 (Fig.3) . These high KDapp values correlate with the low rate of (147) (195) IAi -1""""" 10-3 NH2)
.K -H. incision of the corresponding duplexes ( Fig.1 and Fig.3 (Fig.3) Figure 4A shows that a crude extract of the wild type E. coli bacterial strain (AB1 157) incises the 8-OxoG containing strand in the (*G/C) duplex yielding two products (lane 3) which are identical to those generated by the Fpg protein (lane 2) or hot piperidine (34) . In contrast, incubation in the presence of a crude extract of an isogenic bacterial strain where the fg gene was disrupted, BH20 (fpg-J) (14) , does not result in detectable incision of the (*G/C) duplex (Fig 4A, lane  4) . These (Fig.4B) .
The Fpg protein possesses 6 cysteines in its amino-acid sequence, 2 of them (C 147) and (C 195) are localized outside the zinc finger motif and the 4 others (C244), (C247), (C264) and (C267) are within the zinc finger motif (Fig.5) . To analyse the importance of the 6 cysteine residues of the Fpg protein, sitedirected mutagenesis was used to generate 6 different mutant Fpg proteins with single non-conservative Cys-Gly mutations (6) .
The mutant fpg genes were cloned in pBR322 and transformed into a bacterial host, BH540 (ftg-J), which carries a disrupted chromosomal ffig gene. The production of the mutant Fpg proteins was assessed by western-blot analysis using polyclonal anti-Fpg protein antibodies (4, 6 and data not shown). The results show that crude extracts of BH540 containing either wild type Fpg protein activities were determined using bacterial crude extracts from exponentially growing cultures (3). The Fapy DNA glycosylase activity was measured as previously described (2) bacterial proteins in crude lysates. Figure 6 shows that the incubation of (*G/C) with a wild type bacterial crude lysate results in the formation of at least two retardation complexes Cl and C2 (lane 2). In contrast, incubation of the (*G/C) duplex in the presence of an extract of BH540 ((pg-i), which does not contain Fpg protein, yields only the C1 complex at the top of the gel (Fig.6, lane 3 ). Figure 6 also shows that the C2 retardation band is not formed when wild-type or BH540 ((pg-i) extracts are incubated with (G/C) which does not possess an 8-OxoG in its sequence (Fig.6, lanes 5 and 6) . These latter observations suggest that the retardation band C2 corresponds to a (*G/C)/Fpg protein complex. Control experiments support this hypothesis. First, neither C1 nor C2 complex are formed when the wild type bacterial extract was boiled prior to the binding assay (Fig.6,  lane 7) . Second, addition of purified Fpg protein to boiled wild type lysate yields the C2 complex only (Fig.6, lane 8) . Third, addition of purified Fpg protein to native BH540 (fpg-i) crude lysate results in the formation of the C2 retardation complex (Fig.6, lanes 10 ).
The ability of the 6 mutant Fpg proteins to bind (*G/C) was also analysed. Crude lysate of BH540 (fpg-i) hosting pBR322
does not form a detectable C2 complex (Fig.7, lane 2) . On the other hand, crude extracts of BH540 ((pg-i) hosting plasmids pFPG40, pFPGC147G and pFPGC195G, show a retardation band corresponding to the specific (*G/C)/Fpg protein complex C2 (Fig.7, lanes 3,4 and 5 (Table 2 ). These observations confirm the importance of the four cysteines in the zinc finger motif for the structural and/or catalytic properties of the Fpg protein.
DISCUSSION
Active oxygen species may exert deleterious effects on cellular DNA yielding lethal and promutagenic lesions (35). 8-Oxoguanine is a major base damage in DNA exposed to ionizing radiation and other free radical generating systems (36). 8-OxoG is a miscoding lesion which induces G-T tranversion in vivo and in vitro (17) (18) (19) (20) (21) (22) . This miscoding lesion is repaired in bacteria and mammalian cells (15, 37, 38 In this paper, we also analyse the cleavage and binding of the naturally occurring (*G/C) duplex in bacterial crude extracts. We show that the Fpg protein is the only enzyme activity which catalyses the nicking of the strand containing a single 8-OxoG residue. Other data suggested that 8-OxoG was repaired by the nucleotide excision repair pathway in bacteria (15) and manmalian cells (38) . The contribution of the UvrABC complex cannot be detected in our assay conditions due to the presence of Na2EDTA and to the small size of the oligomer. The characterization of a specific (*G/C)/Fpg protein complex with bacterial crude lysates allowed us to study the binding properties of mutant Fpg proteins without purification. The analysis of the binding properties of six different Fpg proteins with Cys-Gly mutations have shown that the zinc finger domain of the Fpg protein may play a role in DNA binding. Finally, our results show that the interactions between a DNA glycosylase and DNA fragments containing specific damages can be studied with a nonmetabolizable substrate such as a reduced AP site (23) or a real substrate such as 8-OxoG. These observation may be of importance for structure-function studies of these repair enzymes which play a role in the maintenance of genetic stability.
